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I. ABSTRACT

The overall aim of the present three-year research program

isth)ketudyof interaction between plasmas, whose parametars are

typical of high specific power, high specific impulse devices,

and various conducting and insulating surfaces. This study is

cazried out using metallic and dielectric surfaces arranged
pQrpendicular (facing upstream and downstream) and parallel to
the plasma stream supplied by a quasi-steady MPD arcieC. These

phenomena, when they have been investigated at all, have been

studied under the parameter constraints of particular devices,

usually under conditions of poor diagnostic accessibility. Thm
present study is carried out under conditions that allow better
diagnostic examination of the plasma-surface region with the
ability to vary plasma parameters, flow relative to the samples,
electrical conduction to the (metal) samples, etc. The aim is to
delineate the basic pbysics of plasma-surface interaction under
conditions applicable to the design of space power and propulsion
systems.

In the first phase of this work the basic experimental

appatratus has been assembled and tosted. This includes a 0.6 by

6 m cylindrical vacuum tank and a 20 kJ pulse forming network

capable of supplying a 150 is pulse. Preliminary tests have been

carried out in the system using a plasma railgun that produces

plasmas with temperatures of about 7 eV and flow velocities of

the order of 2 cmlis. Spectroscopic, refractive, and probe

measurements have been made of the flow from the gun and in the

space between the electrodes. The MPD arcJet has been built and

is ready for installation in the system.

In the early part of the second phase of the work, the

arcJet will be installed and tested; the downstream plasma flow

will be examined and its parameters (temperature, composition,

density, flow velocity, etc.) will be correlated with the

variation in the discharge energy and other parameters of the
thruster. This work may also be extended to the plasma in and

1
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near the thruster, thus providing information about the

mechanisms of the KPD ar-jet itself. In the major portioa, of

this second phase, we shall introduce the surface samples and

undertake the systematic study of interactions with the plasma

flew.

2
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II. INTRODUCTION

The number of defense-related systems in space and their
level of sophistication has increased greatly over the past two

decades since such systems first became practical. It is
relatively certain that the number and mass of such systems will
continue to increase over the foreseeable future. This being the
case, a rapid improvement in our prime space power and thruster

technology is called for in order to make such defense systems
practical from a technological and economic point of view. As
history has shown with sea and air power, those craft that can be
deployed further and remain on station longer with high system
capability can control larger portions of their mediun, whether

ocean, air, or space.

For rocket thrusters, whether chemical or electric, the

change in the velocity of the spacecraft is prpoartional to the
logarithm of the ratio of initial to final mass. The constant of

proportionality is the exhaust velocity of the thruster. Since
logarithms vary quite slowly as a function of their arguments and
low fuel mass is, in any case, desirable, clearly it behooves us
to consider thrusters capable of quite high exhaust velocities.
Further consideration of the problem in terms of specific power

(defined as the power available to the thruster divided by the
spacecraft mass less the fuel mass) shows that under optimal
conditions the specific power and exhaust velocity are function-
ally related (Pop = u 2 exh/T) where T is the mission length or
burn-out time. The highest exhaust velocities are thus practical
only when high specific power is also available, or when long

mission times are contemplated. At projected levels of specific

power, the particle energies in the thruster will be in the range
of 10-50 eV, with plasma temperatures of a few electron volts.

Electromagnetic thrusters are analogous to motors where the
working fluid plays the role of the armature. As is the case
with motors, the flow of energy can be reversed so that the
device can also act as an electrical power source or asnerator.
In either case, solid surfaces must be used to charviel the

3
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working fluid which will be a pl2sma with temperatures in the

range of 0.5-10 eV and directed energies per ion in the range of

0.5-100 eV. Whether or not this desirable range of particle

energies can be employed in a reliable flight-vorthy system

depends critically on the behavior of dielectric (e.g., teflon,

nylon, boron nitride) and metal (e.g., copper, brass, tiuigsten)

Eurfaces in intimate contact with the plasma environment. A

practical laboratozy assessment of such behavior depends on a

knowledge of the physical mechanisms at work in the interaction.

This it not just a question of measurinq damage rate; the

electrode sheath details determine the voltage falls which
critically affect specific power and can also play a decisive

role in waste heat production and erosion rate. Thus, in order

to achieve optimal system performance, the nature of plasma-

surface interactions under conditions of interest to space power

and thrust devices must be understood both qualitatively and

quantitatively.

In order to carry out this study, metal and dielectric

samples can be mounted in the downstream flow from a quasi-

steady MPD arojet whose plasma properties (temperature, composi-
tion, flow speed, density) are known and can be varied by varying
the location of samples in the plasma stream and by varying the
power to the arcjet and the propellant gas from which th. plasma

is formed. As shown in Fig. I, the samples can he mounted with

their surface planes parallel or perpendicular (facing upstream
or downstream) with respect to the plasma flew. This geometry
and mounting location, convanient to optical and access ports in
the vacuum vessel, constitute an ideal arrangement for detailed
diagnostic work.

4
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MII. SCIENTIFIC DEFICIENCY

In a useful review paper (Ref. 1) F.G. Baksht and

V.G. Yurlev discuss theoretically some of the lengtas of interest

in plasna-solid interaction: the Debye length that •efines the

zone of non-neutrality separating a material wall from the

plasma, the Lanqmuir sheath length that describes the expanded

region of space-charge present when a current flown to the

electrode; the energy relaxation length for formation of a
Xaxvellian distribution for the electrons; the recombination

length over which an equilibrium between ionization and

recombination is established; and the temperature relaxation

length over which the heavy partial* component of the plasma

relaxes to the electron temperature to complete the thermal

equilibrium. These lengths and their ordering, which depend on

the mean free paths for interaction between electrons, ions and

neutrals, define the physical processes that take place in the

sheath. This manner of conceptualization provides a very

convenient scheme for understanding electrode and wall phenomena.

Experiments to show the effect of electrode geometry, material,

surface preparation, etc., on the details of sheaths and boundary

layeri have not been carried out. The experimental understanding

of these phenomena is necessary since processes in practical

power and thrust device• are blended in a highly non-linear way

that precludes accurate Irediction on the basis of simple

theory. The theoretical tools that one needs to understand

experimental data are at hand; what is lacking are the data,

gathered in such a way that simultaneous processes can be

disentangled and device-specific phenomena recognized as such.

6
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IV. PROGRZBSS

In order to be able to operate the MPD arcjet for ten's o:

microseconds without & significant degradation of the overall

vacuum, it was necessary to construct a large vacuum tank, This

tank is a stainless steel cylinder, 6 motors long with a 61 ca

inside diameter. The total voluLs is 1460 liters. The tank has

two coaxial 35.-6 cm disaster diagnostic ports for an optical

clear view through the test section, and one 15.2 cm diameter

port orthogonal to the other two. In addition, there is an

electrical feod-through port and two 7-inch diffusion pump ports

at opposite ends of the tank. The vacuum pumping equipment

consists of one mechanical rouhingr pump, a Welsh Duo Seal

Nodel 1375, rated at 1000 liters/mm, two 6-inch oil diffusion

pumps and two backing pumps. Zach diffusion pump is topped with

a 7-inch gate valve and a liquid nitrogen cold trap with a

pumping speed of 2000 liters/sec for water vapor. The oil

diffusicu pumps are also rated at 2000 liters/sec. The base

vacuum of the system monitored by ionization gauges, is of the

order of 10-6 Torr. The general layout of the tank is shown

in Fig. 2.

The energy storage system and pulse forming line to power

the KPD arcjet consists of a 5-section voltage-fed synthetic

trantaission line having a 0.75 Ohm characteristic impedance.

The total energy storage is 22.5 XT with the capacitors charged

to 20 kV. The output pulse risetime and decaytime is 8% of the

design pulse width of 185 us. At maximum operating voltage, the

short-circuit output current is 27 kA. The pulse-forming network

inductors consist of a single-tapped solenoid wound on a 14.6

diameter nylon rod. The system is switched by a single GT-37407A

ignitron triggered through a 1:1 aircase isolation pulse trans-

former. The primary winding of this transformer is driven by a

6-stage SCR Marx generator which is in turn triggered via TTL
logic with seloctable internal delay timtr and corresponding sync

outputs to provide appropriate time delays for d..agnoatics.

The capacitors are mounted on individual shelves in a portable

shielded steel enclosure and are connected to the pulse-forming

7
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S~OPTICAL PATH

FIG 2. VACUUM TANK WITH ARCJET AND SAMPLES

I "
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network inductor through 6 = copper tubing. A current shunt

at the output of the pulse-forming network allows the output

current to be measured.

Using a modified Princeton design, an XPD arcjet was fabri-

cated to serve as the prime plasma source for the plasma-surface

interaction experiments. This device has a 2 percent thoriated

tungsten cathode (center electrode) of 15 a diameter and an

anode of oxygen-fres copper. Gas is admitted through a series of

ports in a ceramic insulator. This arcset, shown in Fig. 3, is

ready for installation in the vacuum system in time for the

second year of effort.

While the XPD arojet was being ,fabricated, a railqun

triggered by a pulsed plasma Va.uster was installed and preli-

minary diagnGstic measurements were made. (This work coordinated

well with a separate project fc,. AFMPL on a mew thrtister

concept). Kapnetic probes were constructed using 40 turns of #38

insulated copper wire wound on a 1 = diameter mandrel. The coil

leads were tightly twisted. The coil was then removed from the

mandrel, and impregnated with polystyrene, and then cemented onto

an acrylic rod to insure constant orientation. The co..1-tipped

rod was then inserted into a 3 = OD pyrex sleeve, sealed at one

end. The axis of the field-sensing coil Is perpendicular to the

axis of the pyrex sleeve. The probe signals were integrated by a

100 MHz band width balanced difterential integrator having an

equivalent 6-7 us integration time constant. For calibration,

the railgun was shorted at the muzzle end and the time resolved

response of each probe was recorded along with the output of the

capacitor bank/pulse-forwing line. In this way a matrix of in

situ calibration factors ,as obtained for varios probe loca-

tions. The short was now removed and a set of time-resolved

probe responses was obtained between 10 and 16 ca downstream

from the railgun breech for probe channel penetrations of 1, 2,

and 3 cm. These are shown in Fig. 4 as percentages of the cali-

bration signal at times corresponding to beginning, midpoint, and

tail und of the pulse.

9
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FIG 3. MPD ARCIET
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FIG. 4, CURRENT DENSITY CONTOURS,
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Initial spectroscopic efforts have also been made on the
railgun-pulsed plasna microthruster source. Using a 1.2 meter

spectrometer, the relative intensity of the Ha line and the
4810.14 A line of zinc were measured as a function of distance

from the cathode. The results of these measurements are shown

in Fig. 5. Figures 6 and 7 show the time-resolved relative
intensity of the hydrogen and zinc lines respectively. Prelimi-

nerl. interferometric measurements on the railgun/PPT plasma have

been mad%ý using a He-No cw laser. These measurements indicate an

average number density of 3 x 1014; cm- 3 near the muzzle of the

railgun.

Measurements have been made downstream of the railgun using
single-electrode Langmuir probes. The shot-to-shot reproduci-
bility was sufficiently good that, by placing the probes at
different longitudinal stations, being careful not to put the
downstream probe in the wake of the upstream one,, plasma directed

velocity could be measured. This was about 3 ca/ve. Owing again

to the good reproducibility, it was pcssible to measure the slope
of the current-voltage curve and determine the electron tempera-

ture to be about 7 *V. Measurement of the saturation current for

both ions and electrons yielded a plasma density of 1013 cm-3

which is consistent with the order of magnitude higher density

measured upstream.

12
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3.0
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FIG 5.- RELATIVE INTENSITY OF H AND ZN NEAR CATHODE
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V. DISCUSSION

The study of plasma-surface interactions in specific devices

faces a several difficulties. Separate physical phenomena may

occur coincident in space and time as a result of features

peculiar to the device or the electrical pulse used with it.

Also, the geometrical arrangement of MED channels and coaxial
thrusters precludes convenient diagnostic access. For these
reasons, we are examining plasma-surface interactions under
conditions that allow individual physical processes to be
delineated and in a geometrical arrangement where diagnostic
access is optimized. For example, having explored the downstrecim
properties of the MPD arcjet plasma in the absence of samples, we
can then introduce various samyples with their planes parallel to

the plasma flow and measure, by spacially-resolved diagnostic
methods, the variation of ion and electron temperatures, density,
and composition as the surface of the sample is approached. By
using telescopic optics and making the surface of the sample
slightly convex to avoid looking through edge effects, the
effects of hoat transfer to the sample in a viscous turbulent
boundary layer can be measured as well as the scale of the
vorticity associated with the boundary layer. Current flow to
the metallic sample can then be applied to see the effects of
charge transfer. The current can also be made to flow along the
face of the insulator samples in order to study ablation. The
current level can be increased from a value where no local plasma
acceleration is experienced to a value where the Lorentz force
produces a strong perturbation on local conditions. By varying
power to the MPD arcJet, type of gas supplied to the jet, sample
material and geometrical arrangement, and electrical power
supplied to the samples, the whole range of plasma-electrode-
insulator interaction phenomena of interest can be modeled.

The Debye length that scales the thickness of the non-

neutral layer separating a wall from the body of the plasma will

be much less than the characteristic dimension of surface

roughness of the wall for most cases of interest. For local high

temperatures and/or lower densities, these two lengths could

16
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"become comparable which would lead to highly non-uriform electric

fields and the likelihood of fine cathode spots and enhanced

erosion. Large cathode spots can also appear at higher densities

owing to instability in the formation of the current sheet. This

concentration of the current to some critical current density

then leads to local heating of the cathode to the point ';hat

electron emission is strongly enhanced and the arc settles into a
stable cathode spot. In this way, enhanced erosion due to spot
formation may be the result of hydromagnetic instability or entry ¶

into a critical regime of density and temperature for a given

total current.

The nature of the cathode emission mechanism is also of

great interest. For work functions of cathode materials much

less thar the ionization potential of plasma ions incident upon

the cathode, the chances are good that the impacting ion will

capture an electron from the cathode and be re-emitted diffusely

as a neutral which may then be reionized in the body of the
plasma Just outside the cathode fall zone. After breakdown, the

voltage across the current sheet may be 100 volts or so, whereas

the energy necessary to ionize the re-emitted atom may ba of the

order of 50 volts when all associated processes have been taken

into account. Moreover, if the densities are sufficiently low
such that the incoming ion can carry its high speed associated

with the directed energy of the plasma into the cathode, then,

owing to the diffuse re-emission, this component of momentum will

be lost and the result will be a severs viscous drag on the

plasma. This will not occur, however, if the flow is collisional

outside the boundary layer; in that case the axial momentum of
the ion will be lost before it reaches the cathode surface. If

the plasma density is high (n > 1017 cm-3) and is composed

mostly of high-Z material, then a sufficient flux of photons

with energies above the photoelectric threshold may be available

to cause electron emission by photoelectric effect. Thus there
may exist an optimum point in operating eý-iciency that depends
on the balance of emis3ion mechanisms.

17
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1* may not be practical to adjust the balance of emispion

mechanisms by optimizing the atomic number of the plasma.

Instead, it may be possible to rearranga the ordering of various

characteristic lengths. For example, if atoms of cathode

material could be ionized before exiting the boundary layer,

then they could return to the surface quite near their point of

origin such that the roughening and erosion of the surface might

be reduced (for a homogeneous cathode material).

The Debye and Lazagmuir sheath thicknesses as well as the

viscous boundary layer thickness all scale as l/na*. The mean

free path for ionization scales as 1/no, thus higher electron

densitiem near the cathode are more likely to lead to conditions

favorable toý retaining neutrals emitted from the surface. The

question is, cýn we achieve enhancement of electron density near

the cathode? The answer to that question may explain why the MPD

arojet appears to enjoy such a favorable mode of operation. In
this device, the cathode which is the outer coaxial electrode

experiences a plasma flow onto the cathode surface owing to the

geometrical arrangement of the device. Thus the electron density

in the cathode sheath will be enhanced over free-stream values.

We can test this idea with our surface samples in an optimal

geometry for diagnostics.

This can be done by orienting the entrance slit of our

spectrometer perpendiculLa. to the surface of the sample and

intersecting it. We will then observe the spectral lines of

various species to have different heights depending upon the mean

free path for ionization. With good telescopic optics the

spatial resolution can be quite fine. We can examine the mean
free paths of different species in a single event by employing

alloy samples. Brass would not be a partinularly good choice
since copper and zinc are so similar in mass, however 5 kt. gold

would do quite nicely. By measuring the relative intensity of
Au and Cu spectral lines as a function of distance from the
cathode and an a function of time using the framing and streak
cameras, we should be able to gain information on the electron

18
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density profile near the cathode surface and may be able to

visualize the local flow field in sone detail.

Figure a depicts a sample locate6 at arbitrary oriertation
to the flow from an arojet. The sample is mounted on ar. x-y

translation staVe with remote vacuum feedthroughs so that sample

position can be changed without breaking vacuum. Spectral

emission frim ablated surface atoms and from the ambient plasma

is observed normal to the sample surface with a high resolution
spatial-temporal spectroscopic system The spectroscopic system

consists of a simple lens, two turning mirrors mounted on an x-z
translator, a 1.2 meter visible spectrograph and output to either

film, photomultiplier tube, or the RnA microchannel plate ampli-
fied fast framing camera. Spatial resolution of less than 10(
mi',rons is provided by movement of the turning mirrors and/or by
the use of the movable slit mask as shown.

In the early phase of the next year's work (second year

of ths three-year program), the MPD arcjet powered by the 20 kJ

pulue-forming network will be installed fn the tank and the flow

velocity, density, and temperature of the downstream plasma will
be determined as a function of space, time, and energy suppl.ied
to the arcJet. In addition, the radiation from the plasma will
also be determined as part of the general environment in which
the samples will be tested. A separate power source (capacitor
bank) will prwvido current and voltage to the metallic surface
sasples for tests involviag electromagnetic interactions (5100).

Electr-des mounted on either side of a dielectric surface can be

usied to provide cuirent parallel to the plane of the surface,
with charqes in the orientation of 3A (relative to ni) achieved
by varying 'Le return path of the current-carrying circuits.
SWailarly, electrode interactions can bg studied by using an
a-axilliary electrode appropriately configured to avoid disturbing
the experimental conditions near the metallic test sample.
Changes in relative magnetic pressure would follow from changes

in the currint level at the surface, holding the plasma pressure
constant. Magnetic Reynolds number Rn would be variec by
changing the dimensionx of the sample and/or the flow speed.

19
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1.2 METER SPECTROMETER

SLIT MASK

EXIT
SLIT G

0
M IRROR

RDA PAST FRAMING
CAMERA

/

LENS

ARCJET

S14VABLE

SAMPLE

rig. 8. This show a schemat:Lc of the optical 4lagnostic access
to the surface sample. The alit mask defines 'the
spatial resolution, the spectrometer provides vave
length resolution, and the RDA caaera provides
time resolution.
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The diagnostic techniques used in the study include:

1. 2gical Rhat2gnnhv - ROA has assembled a two-frame micro-

channel plate image intensifier camera sywtew that will have a

resolution of 25 line pairs/mm and a variable exposure time of

5 ns to 100 nf with any desired inter-frame delay. Th& light

gain is 7-15x103 . In addition, we have purthasad a Hamamatsu

streak camera with 20 ns to 500 us streak time per full frame and

a light gain of 3x1O3 . These instruments, purchased with RDA

money, will be used to observe the plasma flow relative to the

samples and to observe the formation of luminous boundary layers

near the surface under various test conditions.

2. Optical Ne2ctrosaopy - will be used to identify the composi-

tion of the plasma near the surface. For sufficiently strong

lines spatially-resolved spectroscopy will be employed and the

Hamamatsu streak camera will be used to gain temporal resolu-

tion. Line broadening techniques will be used to corroborate

density and temperature measurements obtained by other means.

3. Laser diaanoSties - A ow laser will be used as the light

source for schlieren, interferomntry and light absorption

measuirclents.

4. Lananuir probes - will be used to monitor the plasma poten-

tial near the test surface. Measurements of potential difference
between local plasma and electrodes provides the fall voltages
associated with current conduction. Differences in potential
within the plasma can be used# under certain conditions,, to
provide information about electron pressure gradients and local

flow spoeds.

* 5. Mag=nic Drobes - will be used to map the magnetic fi•l1

distribution and thereby to infer current densities as a function
of space and time in the plasma. Seqmentation oZ an electrode
surface night be used to estimate the space and time behavior of
current conduction to the surface.

6. Piezoelectric pressure probes - will enable the measurement

of static and dynasic pressure in traeisiont plasmas. These

21
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seasuresents viii probably be useful only as a secondary corrobo-

ration of data obtained by other means, however, in ltght of the

modest effort, it is worthwhile.

7. J - bolomatric measurements of UV flux to the

metallic sample surfaces will be used to correlate other data on

the electron emission mechanism from cathodes.

For each combination of sample and plasma material, plasma

parameters, and interaction mode, the above range of diagnostic

techniques will be applied in an attempt to measure each quantity

by two independent means. In this way data will be collected

that will enable conclusions to be drawn concerning refinements

in the design of space power and thrust devices. It is antici-

pated that the basic energy exchange processaes associated with

charge and mass transport at plasma-solid interfaces will be

delineated in the course of these measurements. The cathode fall

will be measured as a function of local plasma density. The

balan':e between ion impact and plhotoelectric effect under

conditions applicable to pulsed and quasi-steady electric

thrusters will be clarified. On the basis of these findings,

meawp and methods will be developed in the third year of this

contract whereby efficiency and lifetime of space power and

thrust devices may be optimized.

The effort in the present year will be focused on rwasurizig

downstream properties of plasma from the MPD arcJet andt taking

data on the surface samples. The third and final year will

be devoted to completing the data collection and, in conjunction

with theoretical modeling, to applying the results to device-

speci fic problems.

We might note that with the MPD arcjet in place and a

battery of formidable diagnostics at hand, it would make good

sense to explore the plasma properties inside the arcjet even

though this effort would represent a digression from the main

object of the plasma-surface interaction study. Formation of
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the current sheet, homogeneity of the current Aistribution,

temperature, composition and density distribution, could all be

studied since the geometry of the IIPD ar•jet, while not as ideal

as that envisioned for the surface samples, is not overly

restrictive for diagnostics.
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APPENDIX

"Multi-Stage Plasma Propulsion"
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in
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Tokyo, 1984

This .aper result•4 from the use of diaanostics
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MULTI-STAGE PLASMA PROPULSION

P.J. Turchi, C.N. Boyer and J.F. Davis
R & D Associates

Washington Research Laboratory
Alexandria, VA USA

tests three examples of second-stage thruster
operation.

A strategy for introducing electric
propulsion into the U.S. inventory of Acceleration of tho PPT Plasma
techniques for near earth missions utilizes
the space-operational pulsed plasma micro- The simplest form of multistage plasma
thruster (PPT) inconjunctionwithaddi°'ional propulsion consists of the PPT injecting
stages of acceleration and/or mass addition. a slug of plasma between two rail-electrodes
Such multistage plasma propulsiin would that are connected to a ,e xged capacitive
allow thrust power to increase with the power source. The capaci •e source could
increased availability of space-electrical be trickle-charged between PPT firings
power, without having to change thruster (in the manner of a photographic flash
physics. Theoretical consideiations suggest attachment) and could utilite capacitor
possible modes of operation, including elements of the same type used previously
the transition from slug acceleration by microthrusters on actual long term
to surface ablation by varying the electrode space missions. If the PPT exhaust is
dimensions. A series of experiments are directed in a perpendicular fashion across
also reported that explore three thrusters, the rail gap (Pig. la), then the PPT merely
comprising pulaepl acceleration of PPT provides mass (and a means of initiating
plasma to 4 z 10 m/s by a long second current flow in the second-stage). The
stage-thruster, and quasi-steady ablation kinetic energy of the PPT exhaust is thus
of additional Teflon plasma in second-stages discounted In this example. Acceleration
with short electrodes. The latter thrusterý of the injected plasma along the rails
provide plasma speeds of 1.7-2.5 z 10q is described by the usual set of lunped-circuit
m/s with nearly constant average particle equations in which the electrical Impedance
fluxes for the duration of the current of the accelerating plasma discharge is
pulse (150 psec after the 2PT transient). expressed as the rate of change of circuit

inductance. By nondimensionalizing the
equations, a single dimensionless parameter

u is obtained that determines the discharge
dynamics:

The development of a family of electric
thrusters based on the pulsed plasma micro- 2
thruster (PiT) involves the use of additional 0-
stages of electrical energy input'. There
are two basic approaches. The initial NZ
plasma from the PPT can be accelerated
to a higher average speed to achieve higher where g initial capacitor energy
specific impulse and greater system effi- F° Inductance change per
ciency. Alternatively, the PPT exhaust unit length of plasma motion
stream can be used to initiate an electrical N plans slug mass
discharge over an insulating surface to a(L •) - initial circuit
increase the system mass flow by ablation, impedance
thereby increasing the total aystem thrust.
In both approaches, to avoid additional In gig. 2&4 the kinetic efficiency,
switching, the stages subsequent to the PPT C - hmu /hCVo", (for an exhaust speed
would be activated by the arrival of the u - SoZ/F developed in the second-stage
PPT plasma. Variations in current pulse thruster) is seen to rise quickly as the
duration and geometry would allow the dimensionless dynamic parameter 0 is increased
envisioned family of thrusters to comprise to about 0-3y less rapid gains are achieved
simple plasma slug accelerators, pulsed with higher values of B. (In these calcu-
tharmal arcjets, and quasi-steady NPD lations, the dimensionless speed,w, achieves
arciets. In the last instance, the use its pe&k value before the computatation
of ablation to create the necessary mass is ended).
flow would allow operation without repetitively
pulsed propellant valves. The present If the PPT plasma is directed parallel
paper reports recent theoretical and ezperi- to the rails, (w - 0O) but spread
mental efforts at the RDA Washington Research a, ross the rail gap to initiate current
Laboratory examining various aspects of flow, as shown in Fig. lb, then h _.er
multistage plasma propulsion. Theoretical efficiencies are obtained because the
discosuions range from simple slug acceleration movAng plasma presents a higher initial
aodeli.ng to cinsideration of distributed (dynamic) impedance to the power supply.
plasmas and currents. Experimental work As shown in Fig. 2b, the kinetic efficiency
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L= C 8(wt- 2 2) can exceed 55% , while plasma siug would exit the second-stage.

doubling the eAhauat speed of the plasma The expansion and recollection o, plasma

Slug(w° - .36)1 the results shown are in the second-stage is depicted in Fig. 4.

for B u 3. in dimensional variables,
the simple slug acceesration model indicates If the rail length is significantly

that specific impulse values in tha range less than the distance needed to recollect

of 1500 sac should be possible with system the plasma, then it uould be more appropriate

efficiencies in excess of 50%. Such values to consider magnetic diffusion (ya adiabatic

are not especially remarkable for electric expansion) as the mechanism establishing

propulsion techniques, but are encouraging the discharge distribution. With proper

as improvements on an existing apace-tested insulation, acceleration of the plasma

thruster, will cease slightly beyond the end of
the rails and all the plasma injected

For near term missions (i.e., near into the second-stage should experience

earth vu outer planets), the optimum specific about the same change in momentum. To

impulse based on available specific power the extent that this momentum change is

valuis (a ft 30 w/kg) will probably not much greater than the initial momentum

exceed 2000 3*c. The primary virtue of of the slower component of the PPT exhaust,

electric acceleration of the PPT exhaust the second-stage should exhibit a more

plasma, therefore, is improved thrust uniform exhaust velocity and thereby achieve

efficiency. Such improvement has two higher efficiency at a desired specific

aspects: 1) the increase in time-averaged impulse level.

dynamic impedance associated with acceleration
of an initially moving plasmas and 2)
the preferential acceleration of slower Generation of niaher Thrust at Fixed _ap
plasma that is emitted later in time by
the PPT. The latter aspect recognizes To obtain higher thrust At a fized

that the PPT tends to provide two components value of specific impulse, mass addition

of plasma. A fast component due to the is necessary. A concertuallysimple approach

PPT discharge is observed to exit the utilizes the PPT to initiate an arc over

microthruster followed by a slower component an insulating surface that then ablates

associated with the continued ablation due to the heat fluX from the plasma discharge

of the PPT fuel surface. The specific (Fig. lc). The mass flow into the discharge

impulse is thus obtained as a temporal thus depends on the local plasma current

average over flow speeds that are higher density, which in turn depends on the

cnd lower than optimums it would be useful flow through the discharge. The physical

to reduce the velocity spread to achieve situation resembles the flame zone over

higher system efficiencies. a solid propellant surface and will depend
quantitatively on the detail3 of the electrical

Acceleration of the distributed PPT resistivity and thermal conductivity of

plasma in the second-stage may be considered the flow as it changes from vaper to highly

in terms of expansion of magnetized plasma. ionized plasma. Some qualitative insight,

In Fig. 3, a semi-infinite plasma (x&J) however, for purposes of the present dis-

is allowed to expand into a field-free cussion, may be obtained by examining

vacuum (xJO). The plasma density may the equations governing the Oischarge

be calculated at any time and position distribution downstream of the region

from adiabatic expansion thrcugh a centered of plasma formation.

expansion fan. If the plasma resistivity
is low, the magnetic flux will tend to The basic equation for t'~e current

convect with the plasma mass, so the spreading distribution may be written as a balance

density gradient will correspond to a of convection and diffusion of magnetic

current distribution. At x=O, sonic conditions field:
are maintained, so the dounstream evolution
of the plasma discharge can be modeled
by the downstream expansion fan even if Dt

the semi-infinite magnetized plasma is where the convective derivative is

replaced by a source of plasma from the based on the electron fluid speed and

P T. (Resistive diffusion at the entrance a constant resistivity rl downstream of

to the second-stage is necessary to extract the flame sons" has been used for simplicity.

magnetic flux from the second-stage power If the plasma density is sufficiently

circuit) . The expansion fan analysis high (electron current drift spee] <<plasma

then indicates that about half the current flow speed), then the plasma flow speed

will be carriad in the downstream plasma can be substituted for the electron fluid

discharge, while the remainder will flow peed (thereby eliminating tensor current

near the inlet to the second-stage. If l low and electrode polarity effects from

the injected flowdensity drops substantially, the f HD analysis)cr the electron pressure

then a contact surfaces between the previously gradient term has already been neglected

injected plasma and this low density flow in the generalized Ohm's law used to obtain

will accelerate and swnep up the earlier this equation.

plasma. For sufficient length of rails MR

(about 15 times the effective 'length' In steady-state, and allowing only

of the injected PPT plasma) a single one d-mension of spatial variation (•.e.,

3



streamwibe) *the convective IS diffusive exhaust. Too short a risetime can. lift
balance becomes: off a current sheet of PPT plasma (plus

initial ablation) from the insulator (in
9L.(uB) d the manner sought for successful operation
d4 of some pulsed plasma guns). If th6

risetime is too long, howsver, the PPT
where a uniform mass flow, iopu, plasma may splash downstream and severely

is invoked in order to eliminate mass shunt the insulator surface discharge.
density from the equation. In solving
this equation, the stgeamwise location
of the downstream boundary value (B5O) Is
specified (or computed). If this location 2x2nrimental Tasts
is specified, for a given upstream boundary
condition (B=Bl at s-6, the downstream Three experimental test series on
edge of the flame zone), then the current multistage plasma propulsion have been
density corresponding to the current in conducted at the RDA Washington Research
the downstream region is determined. Laboratory. The first series corresponds
Higher flow velocity tends to convect to th* case of flow acceleration in a
magnetic flux downstream, increasing the second-stage with long electrode rails.
current density near the B-0 location The second series ut.ilised short electrodes
at the expense of upstream positions (s>6). to achieve higher mass flow rates by ablation,
The current density, resistivity, and and a third series shortened the electrodes
uxi at s-6 then provide the electric field further to concentrate current flow near
that sets the volumetric heating'rate the inlet. In all tests, an actual PPT
of the plasma near the ablating surface. from the Lincoln Laboratories production'
A portion of this heating supplies the for the LBC-8/9 mission was used to inject
energy needed for ablation and ionisation, plasma between electrodes connected to
thereby scaling the mass flow rate. The a charged pulse-forming network (PFN).
lower the mass flow rate, the higher the The PFM is a 5-section voltage-fed synthetic
flow speed for a given magnetic driving transmission line with a 0.75 ohm charac-
pressure and the greater the tendency teristic impedance. The total stored
to concentrate portions of the current energy is 22.5 kJ with the capacitors
near the downstream B=0 boundary location charged to 20 kM. The output pulse risetime
and in the flame zone. (Ablation driven (anddecaytime) isS% of the design pulsewidth
by increased resistive heating in the of 185 Vaec. At maximum operating voltage,

"flame zonel can then compensate by raising the short circuit output current is 27
the mass flow rate). kA. A series ignitron switch is included

in order to isolate the PFN from the experi-
For a given maximum magnetic field mental apparatus until the PPT plasma

(i.e., total current), placement of the is ready to enter the second-stagel (this
B-0 boundary further downstream lowers switch is for experimental convenience).
the current density and thereby lowers Inthepresentexperiments, a series resistance
the dissipation that is providing mass of 0.750 was included to prevent current
flow to the plasma discharge. Thus, if reversal in the second stage.
the electrode rails of the second-stage
are too long, ablation of the second-stage The PPT and second-6tage are stationed
propellant slab may be insufficient during inside a 0.6 x 6 meter tubular stain.ess
the current pulsetime from the power supply. steel acuum vessel that is evacuated
Starvation of the discharge may then lead to 10-i torr prior to thruster operation.
to electrode erosion (which is not the In the vicinity of the thruster, the vessel
desired mechanism for mass addition). is lined with Mylar. Several ports are
Such starvation may be mitigated by the available for probe feedthrough and optical
continued influx of slower material from diagnostic access. Figure 5 provides a
the PPT. The operation of the second-stage, sketch of the basic apparatus. The geometries
however, would then resembla the expansion- of the second-stage systems are shown
acceleration mode discussed in the previous in Figures 6 and 7, long-rail and short-rail,
section. respectively. The inlet-rail geometry

is the sitse as the short rail system except
Proper operation of the second-stage that the electrodes are cut back to the

to provide mass addition therefore requires inlet region and Pyrex sidewalls prevent
the minimum length of electrode rails the lateral expansion of flow in thethruster.
consistent with the lateral dimension
of the PPT exhaust. Since it is often
the case that: currents can be sustained rk, na Rail Enirimentu
in plasma flows that serve as extensions
of phybical (solid) electrodes, it is The long rail second-stage consisted
also important to avoid accelerating the of a brass anode and cathode each 6 mm
PPT exhaust plasma out of the second-stage thick. The anode was 26 cm long, the
before ablatLon can replace the PPT mass cathode was 23 cm long and the anode-cathode
flow. The :ise time of current in the separation was 8.7 cm. All electrode
second-stage, therefore, should approxi- edges were rounded with a 3 mm radiub
mately match the pulsewidth of the PPT to reduce field enhancel ant. Tho effective
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width of the anode and cathode was 3.5 Since interferometric measurements indicate
cm. This was maintained by two vertical that the PPT plasma pulse should be complete
acrylic dielectric channel walls that after about 20 msec€ the geadual shifting
extended to the ends of the electrode of current upstream ma;- be ascribed to
system. Slots 1.5 me wide cut Into the ablation of the Teflon insulator. With
upstream end of the cathode allowed plasma the long-rail electrode system used in
fyom the PPT to pass through the cathode these tests, it therefore appears that
and cross the face of a 6 nm thick Teflon the PPT plasma is rapidly swept downstream
insulator. The Teflon insulator was inclined resulting initially in rather low jurret
at an angle of 450 with respect to the density near the second-stage insulatt.
central axis of the electode systeml. Cotitinued heating, however, gradually
Plasma from the PPT was directed through creates enough mass ilow to shunt current,
a copper channel to the entry slots in (but by this time the current pulse in
the top of the cathode surface. A matrix the present experiments is nearly over).
of holes through the cathode beginning Time-resolved spectroscopy indicates that
at I cm from the cathode-Teflon junction HO intensity drops off mcro rapidly (after
Irovided entry ports for magnetic B-probes the first 20 usec of operation) than in

nto the plasma channel. Both anode and I Intensity, suggesting that electrode
cathode rails were secured to acrylic erosion may provide plasma for current
sheat 1.27 cm thick by means of ceramic conduction before sufficient ablation
standoff insulators. The upper and lojer of the Teflon insulator occurs. (The
acrylic sheets were in turn secured to HI may be due to the surface contaminants
each other by means of nylon rod insulators, blown out by operation with the initial
Bledtrical connection to the anode and PPT plasma). To achieve faster ablation
cathode was provided by braided copper of the second-stage Insulator, a second
atraps covered with Tygon tubing. The series of experiments was performed with
tubing provided an insulating cover that shorter electrode rails.
prevented electrical breakdown between
the vacuum chamber wall and the anode,
and between anode and cathode. 3hr• hil 3xrjntn

Magnetic probes were constructed The anode and cathode of the short
using 40 turns of 038 insulated copper rail seond-stage were constructed from
wire wound on a 1 am diameter mandrel. 0.5 mm thick tantalum sheet. Each *lea•tode
The coil leads were tightly twisted. was 4 cm wide with the downstream end
The coil was tken removed from the mandrel formed into a 6 mm diameter cylinder to
and impregnated with polystyrene. The reduce field enhancement. Field enhancement
coil was then cemented to an acrylic rod from the aides of the electrodes vas reduced
to insure constant orientation. The coal- by burying the metal edges in ceramic
tipped rod was then inserted into a 3 support rails Lo a depth of 3 mm. The
mm OD Pyrex sleeve, sealed at one end. rail supports maintained the 4.6 cm anode-
The axit of the field-sensing coil in cathode electrode separation. A solid
perpendicular to the axis of the Pyrex Teflon rod 5 cm square with one end face
sleeve. For calibration, the rail gun cut at 450 with respect to the central
was shorted at the muzzle end and the axis of the bar was located between the
time resclved response of each probe was electrodes. The exposed (flat) lengths
recorded along with the output of the of the anode and cathode were 3 cm and
capacitor bank/pulse-forming line. In 8 cm respectively. Slots 3 m" wide in
this way a matrix of in situ calibration the cathode electrode just above the Teflon
factors was obtained for various probe rod provided entry ports for plasma from
locations. The short was removed and the PPT. Plasma reached these slots by
a set of time-rexolved probe responses passing through a conical chute in a Teflon
was obtained between 10 and 16 cm downstream block thct sideured the short rail second-stage
from the inlet to the second-stage for to the PPT. Electrical connection to
probe channel penetrations of 1, 2, and the second-stage electrodes was provided
3 cm. by braided copper conductors. Teflon

tubing 6 mm in diamater slipped over the
As the discharge current rose in conductors prevented plasma discharges

tne second-staqe, after injection of the between the experiment chamber and the
PFT plasma, magnetic field was detected braided copper anode lead and betvwen
rapidly at successive downstream locations anode and cathode leads.
of the magnetic probes. The plasma speed,
indicated by time-of-arrival of aignall The goal of the short rail two-stage
at the probes, is approximately 4 x 10'0 thruster experiments was higher thrust
a/*. At 16 Usec into the current pulse at approximately the same specific impulse
pulse, over 80% of the total current is as the PPT by means of additional mass
carried more than 15 cm downstream of ablation at the second stage insulator
the plasma inlet. At later times, however, surface. The PPT was operated at 1875
this percentage drops to 70% it-96 usec) V with a stored energy/shot of 30 J.
and 50% (tel56 usec) indicating shunting As reported previously, this device ablates
of the currant at positions closer to approximately 30 ug/shot of Teflon (CF2 )
the inlet and second-stage Teflon insulator, with a specific impulse of 1100 sec and
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an avetage impulse bit of 300 unt-sec. 3  wherea-massof electron. Preliminary
CMher work also indicates Aon exit velocities meautirement, of the electron temperature,
of 2.8 cf se* aend an exit plasma ionization T , of 2-8 eV Imply an, ?lectr5on density at
level of 20-40.1% plobe 1 of 1.4- . x lQ c/cm0 and at probe

2 of 3.5-1 a 1014 e/ca . (Pevious measure-
The second stage wis operated with ment ox the exit plassa temperature from

a 5 kV charge on the PPN. Figure I shows the PPT,assuming Te-Ti, indicated 7.2 ev').
a typical current trace and figure 9 a
typical voltage trace. The current risetime The total mams of material ejected
is 15 usec to 3-3.25 kA. The plate voltage by the second stage can be approximated
rimes initially to about 450 kV and then by assuming T and the degree of ionization
falls to about 250 V !n approximately o are constint at the probe positions.
50 usec. Integration of the product of The lower current at the probe further
current and voltage indicates that the downstream would then be due simply to
total energy teposited in the second stage expansion of the flow (i.e., thermal and
after the PPT transient (t>40 usec) was angular spread of the exhaust jet). if
about 110 J. a linear expansion is assumed from the

exit plane of the second-stage, then the
In order to diagnose the short rail half-angle of the exhaust divergence is

performance, two Langmuir probes were approximately 160. (For Teflon, N a 16.7TMW,
inserted 13 and 33 ca downstream of the this divergence would correspond to a
end of the electrodes. The probes were Othermalm energy of about 7 WV). Th8
made of tungsten wire 0.127 = diameter total ases flowing through the 18.4 ca'
and 1 = long hold in a sealed Pyrex tube. exit plane of the second-stage Is then
If the probe bias is sufficiently more estimated to be 50-72 ug, assuming To
negative than the floating potential (measured - 7 sV, a - 30%, and u - 1.7-2.5 10' m/s.
to be V a +35V with second-stage cathode For the assumed speed, the islSo bit
groundedto the vacuum tank) the Ion current is therefore I - 0.83-1.8 x 10 nt-sec,
is saturated at a level given (for TiuTe) and the kinetic energy divided by input
by*5  electrical energy is 6.1-20.5%.

kTeo it should be noted that the estimated
onat an impulse implies f driving pressure ofinst Pabout 2.-. 0Pa, while the magnetic

pressure in t e second-stage should be
where S probe arsa about 1-2 z101 Pa. The energy for the

ne - electron density flow may thus have substantial electrothermal
T- electron temperature contributions. in the present etperiments,
M mamass of the Ions insulating channel walls on each side

of the Teflon insulator were not used
With the two probes operating in ion current In order to force ablation only of the
saturation, Identifiable probe signatures Teflon. The electrically-heated plasma
during the middle and latter portions may therefore be able to expand laterally
of the current pulse indicate a quasi-steady as well so axially downstream. The total
plasra stream velocity, us, of 1.7-2.5 mass ablated per shot could then be up
x 10 m/s. figure 10 shows typical ion to three times larger than estimated from
saturation currents for the two probes. the Langnuir probe data. if the total
The observed currents are continuous and mass flow could be channeled downstream
relatively constant for the duration of by sidewalls (as in the PPT), then the
the discharge indicating a constant ablation kinetic efficiency of the second-stage
and acceleration of material out of the might exceed 60%, v*th a total impulse
second stage. In excess of 5.4 2 10- nt-sec.

The directed ion velocity (plasma !n~et-Ini] 3w~rinanta
stream velocity) may be on the order of
the ion thermal speed which would imply In the third series of tests, the
that the ion current collected at the lengths of the electrodes of ýhe short
probe is strongly dependent upon the probe rail system were decreased to 0.5 ca for
orientation in the plasma stream. To the anode and 1.3 ca for the cathode (which
estimate the charged particle density, has the inlet screen for the PPT plasma).
we therefore use the ee~tron saturation The second-stage channel dimensioa&s were
current. If the probe bias is higher maintained by substituting Tofon in the
than the plasma space potential, Vs. the area formerly occupied by the electrode8s
electron cusrent collected is saturated also, sidewalls of Pyrex were added to
and given by eliminate any lateral expansion of the

plasma. The net effect of these changes
-kT_ ,is to concentrate the plasma and current

IS aenU density near the second-stage insulator
pspsa e" Span and thereby to enhance ablttion. Figure

11 displays the voltage and current record
for a discharge with the PPN char-ed initially
to V. - 35 MV. The voltage trace is similar
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to the lover energy (Vo a 5 kV) test, In uatchingasecond-stagcd thruster (triggered
but the current is nov about 9.5 kA. by a PPT) to avariety of mission requirements
ran saturation current, measured 40 ca and power supply limitations. For low
dovnstream of the thruster suit, is shown power missions, such as station-keeping,
as a function of time for the same shot the multi stage system should perform
in Figure 12. Teats at lower initial like present microthruuters that have
viltago (V a S kV, 7 kY) indicate that already seen application in space, but
the ion saturation current soales as the the multi stage devices can have higher
PPi energy, suggesting that the energy thrust. As higher levels of apace primL-power
p~r particle it remaining constant, (which become available, the current pulse duration
would bt expected for processes irevolving can be extended to match the available
ablatiott and ionisation). At lower system power at the same repetition rate with
energy, it vas possible to obtain the the same type of capacitor coAaonents
fall probe characteristic and thereby used in the present PPT (so lifetime and
estimate the plasma temperature (and also specific power of the pulsed source should
obtain a density measurement that in less not be a problea). If still higher powers
sensitive to f)ow direction). From the are available, higher current operation
slope of the probe current between floating would allow magnetoplamadynamic processes
and plasma potential, the temperature to become more important, so the second-
appears to be about 7 eVa the difference stage could become a quasi-steady MPD
between floating and plasma potentials arciet (without propellant valves)l alter-
for the Teflon plasma indicates the same natively, steady MiP or thermai arciet
vale. The divergence of the exhaust operation would be possible. In all cases,
Is also consistent wxth an ion temperature end feeding of propellant bars, as in
of 7eV. It appears then that plasma conditions the PPT, allows the geometry to be preserved
are very sim ilar to both the previous during longterm operation. The present
short rail tests and the earliec microthruster preliminary work on multistage plasma
oxperiments 4y other gwoups. The difference propulsions thus indicates that a single
In the present esperineatal series is thruster arrangement could be coupled
the use of a current pulse that Is maintained to progressively higher powers simply
longer and at a constant level by means by adjusting a single extenaive variable
of a PIPM. (the puleevidth), maintaining the basic

physical processes of the thruster as
For the inlet-rail tests, at the space experience is accumulated.

highest Initial V # the plasma density
att tA exsra is estimated to be ne a 1.3
't0'W e/cm, which would imply an ablated
mass of S00-730 og, if an ionization leveoa a 0.3 and flow speoria of 1.7-2.5 z 101

a/* are again assumed. The effIciency 1. P.J. Turchi, OAn Electric Propulsion
of conversion of input electrical energy Development Strategy based on the
to flow kinetic energy would thus range Pulsed Plasma Microthrustera, 16th
from 23-721 depending on the values of Electric Propulsion Conference,
Q and flow speed. Note that flow kinetic Now Orleans, LA, 1982. AIMA Pre-print
energy estimated using the charged particle 82-1901.
density from probe data depends on the
cube ol the flow speed. Much better data 2. R.J. Vondra, and 1.1. Thnmassen,
are hoed to obtain an accurate measure "?ligit Qualified Pulsed Electric
of thruster performance. Thruster for Satellite ControlO,

Journal of Rnaeparaft and Rocketa,
Coneludina Remarks Vol 11, No. 9, Sep 1974, pp. 613-617.

The principal result suggested by 3. R.I. Thomassen, and R.J. Vondra,
the data from thi short-rail and inlet-rail "exhaust Vulocity Studies of a Solid
experiments in that a high temperature Teflon Pulsed Plasma Thruster*, Journal
ablation arc can be maintained on a Teflon of 2 s.AAraft and Rockets, Vol 9,
surface for the duration of the current No. 1, Jan 1972, pp. 61-64.
pulse. This are provides a high speed
"plasma flow that achieves quasi-steady 4. R.I. Thomassen, and D. Tong, Olnterfero-
conditions (during tne 150 usec pulse me*.ric Density Neasurements in the
of the present experiamets, at least) Arc of, a Pulsed Plasma Thruster*,
with a specific impulst in the range of lournal of fnaeMeraft and Rockets,
2000 sec. The voltage drop across the Vol 10, No. 3, Mar 1973, pp. 16.-164.
second-stage (-200 V) Is significantly
larger than the cathode fall (-35 V), 5. R.L. Nuddlestone, and S.L. Leonard,
so the ablation arc should be tatgher eff iient plama Dpaono-tic Tcnue, !:!ademic
in converting electrical energy to fiow Press, New York, 1965.
energy.

Since the impulse per shot is proportional
to the duration of the current pulse,
there should be considerable flexibility


